Abstract Complete chemical analyses, including ferric and ferrous iron, H 2 O contents and dD values for 16 phlogopite and biotite and 2 hornblende separates are presented. Samples were obtained from volcanic rocks from four localities: (1) phlogopite phenocrysts from minette lavas from the western Mexico continental arc, (2) biotite and hornblende phenocrysts from andesite lavas from Mono Basin, California, (3) phlogopite and biotite from clinopyroxenite nodules entrained in potassic lavas from the East African Rift, Uganda, and (4) phlogopite phenocrysts from a wyomingite lava in the Leucite Hills, Wyoming. The Fe 2 O 3 contents in the micas range from 0.8 to 10.5 wt%, corresponding to 0.09 to 1.15 Fe 3ϩ per formula unit (pfu). Water contents vary from 1.6 to 3.0 wt%, corresponding to 1.58 to 3.04 OH pfu, significantly less than would be expected for a site fully occupied by hydroxyl. Cation-and anion-based normalization procedures provide accurate mineral formulae with respect to most cations and anions, but are unable to generate accurate estimates of Fe 3ϩ ͞Fe T , and overestimate OH at the expense of O on the hydroxyl site. These inaccuracies are present despite acceptable adjusted totals and stoichiometric calculated site occupancies. The phlogopite and biotite phenocrysts in arc-related lavas from western Mexico and eastern California have the highest Fe 3ϩ ͞Fe T ratios (56-87%), reflecting high magmatic oxygen fugacities (DNNO ϭ ϩ2 to ϩ5), in contrast to those from Uganda (25-40%) and the Leucite Hills (23%). There is no correlation between the OH content and the Fe for two biotite and hornblende pairs could not be determined without significant error because of the extremely low F contents (Ͻ 0.2 wt%) of the four phases. The dD values obtained in this study encompass a large range (Ϫ137 to Ϫ43‰). The phlogopite and biotite separates from Uganda have dD values of Ϫ70 to Ϫ49‰, which overlap those believed to represent "primary" mantle. There is a larger range in dD values (Ϫ137 to Ϫ43‰) for phlogopite phenocrysts from western Mexico minette lavas, although their range in d
Introduction
Phlogopite and biotite are common phenocryst phases in many volcanic rocks, including andesites, dacites, rhyolites, as well as potassic and ultrapotassic varieties such as minettes, kersantites and lamproites. Phlogopite and biotite can be used to evaluate magmatic f O 2 and f H 2 O because these minerals contain both ferric and ferrous iron and a variable number of hydroxyl ions in their structure. The incorporation of ferric iron into the phlogopite-biotite solid solution can occur as the oxyannite component, KFe The use of phlogopite and biotite to determine magmatic intensive variables requires the development of an activity-composition model for mica solid solutions, which is well beyond the scope of this study. One of the limiting factors to the development of such a model is the general paucity of complete chemical analyses of micas. Most are analyzed with the electron microprobe, which cannot distinguish between ferric and ferrous iron or measure H 2 O contents directly. The result is the dependence on some normalization scheme for an estimate of ferric iron and hydroxyl concentrations. The problems inherent in generating a mineral formula for micas from microprobe data alone have long been recognized (Bohlen et al. 1980; Holdaway 1980; Dymek 1983; Hewitt and Abrecht 1986; Afifi and Essene 1988; Schumacher 1991) .
In order to use phlogopite and biotite phenocrysts to infer pre-eruptive magmatic conditions, it is clearly advantageous to study separates from fresh volcanic rocks rather than from plutonic rocks. Because of the rapid cooling in the volcanic environment, subsolidus re-equilibration is minimized. Moreover, mineral alteration associated with interaction with meteoric water, important in the development of many intrusions (Taylor 1977; Criss and Taylor 1986) , is normally non-existent in phenocrysts of young lavas. Unfortunately, few complete chemical analyses (including FeO, Fe 2 O 3 and H 2 O) of phlogopite and biotite phenocrysts from volcanic rocks are published in the recent literature. Instead, one must look to papers published prior to the advent of the electron microprobe to find a significant number of complete chemical analyses (e.g., Doelter 1917; Winchell 1935; Nockolds 1947; Foster 1960; Deer et al. 1962 ). Many of these complete analyses, however, have poor totals or recalculate to nonstoichiometric mineral formulae, with excess cations on the octahedral and interlayer sites, and͞or excess H 2 O, consistent with alteration of the micas or impure separates. Another possible factor in the poor calculated mineral stoichiometry and low totals is the absence of BaO, SrO, F and Cl determinations in most of these analyses.
Although most recent published analyses of phlogopite and biotite are not complete, some include ferricferrous ratios without wt% H 2 O or wt% H 2 O without ferric-ferrous ratios; the latter are usually part of studies of the D͞H variation of hydrous rocks and minerals. Recently, significant effort has been made to obtain ferric and ferrous iron analyses of metamorphic biotites by Mössbauer spectroscopy (Dyar and Burns 1986; Dyar 1988 Dyar , 1990 Guidotti and Dyar 1991) , and ferric-ferrous analyses of phlogopite phenocrysts in lamprophyric lavas by wet chemical methods (Wallace and Carmichael 1989; Lange and Carmichael 1991) . Although these data provide some information on the range of ferric-ferrous ratios found in phlogopite and biotite, correct mineral formulae cannot be determined without accurate determination of wt% H 2 O as well.
In light of these problems, the goal of this study is to provide a data base of complete chemical analyses, including ferric and ferrous iron, H 2 O contents and dD values for phlogopite and biotite in lavas from different tectonic environments. These data will be examined to determine whether variations in the ferric-ferrous ratios, O and H 2 O contents, and dD values of phlogopite and biotite have been altered by processes such as degassing and post-eruptive oxidation, or reflect pristine magmatic values. In cases where the compositions of the phlogopite and biotite samples are pristine, these data will be used to evaluate any correlation between the ferric-ferrous ratio and hydroxyl content and the tectonic environment of their host volcanic rock. In addition, exchange equilibria between phlogopite-clinopyroxene, biotite-hornblende and phlogopite-olivine phenocryst pairs, and F-OH exchange equilibria between biotitehornblende phenocryst pairs will be calculated.
Tectonic setting of host rocks
The phlogopite, biotite and hornblende samples used in this study were obtained from a variety of lavas from different tectonic settings. Most are phenocrysts with the exception of the phlogopite and biotite grains from the xenoliths from Uganda, Africa.
The continental arc of western Mexico
Phlogopite phenocrysts were separated from five different Quaternary minette lavas from the western Mexico continental arc (Luhr et al. 1989) . Four samples are from separate lava and cinder cones from the Mascota volcanic field described by Carmichael et al. (1996) . A fifth sample is from a lava flow near the town of San Sebastian, ¥20 km north of Mascota (Lange and Carmichael 1991) . Mas-4 is a rapidly quenched scoria whereas all other samples are from flows. The phenocryst assemblage of these five minette lavas is phlogopite ϩ augite + olivine. All samples erupted between 69 and 489 ka and are unaltered (Lange and Carmichael 1991; Carmichael et al. 1996) . Petrologic and trace element data are consistent with the derivation of the minette magmas from a phlogopite-bearing mantle source that formed through hydrous enrichment of the subarc lithosphere in response to subduction (Wallace and Carmichael 1989) .
Andesite volcanism near Mono Basin, California
Biotite and hornblende phenocryst pairs were separated from two andesite lavas (SN-31 and -161) that erupted ¥10 km north of Mono Basin in east-central California. The two lava flows are part of a broad volcanic field that has been active over the last 4 milliion years in which ¥100 km 3 of potassium-rich basaltic through andesitic magmas erupted over 400 km 2 extending from the margins of the Mono Basin, the periphery of Long Valley caldera, and southwestward into the Sierra Nevada (Lange et al. 1993) . The trace element characteristics of this potassic suite (depletions in Nb, low Zr͞Ba and high K 2 O͞TiO 2 ratios) are considered diagnostic of a subduction-modified mantle source region (Hawkesworth and Vollmer 1979) . However, subduction beneath North America west of central California ceased at ¥10-20 Ma due to the northward migration of the Mendocino triple junction (Atwater 1970) . The Mono Basin area is currently part of the Basin and Range province, a region of block faulted mountain ranges and intervening basins that developed in response to approximately east-west extension that began at 13-10 Ma (Zoback et al. 1981) . The potas-sic suite of the Mono Basin region appears to have been erupted in an extensional environment that post-dates active subduction.
The East African Rift of Uganda
Phlogopite and biotite separates were obtained from several clinopyroxenite xenoliths that are abundant in the explosion craters of the Katwe-Kikorongo volcanic field in the western branch of the East African Rift and are found entrained in clinopyroxene-poor olivine melilitites and olivine-bearing nephelinites and leucitites. Detailed petrologic descriptions of the xenoliths have been presented elsewhere (Lloyd 1981 (Lloyd , 1987 Lloyd et al. 1987) and only salient features are reported here. The typical mineralogy of the xenoliths is clinopyroxene ϩ phlogopite͞biotite + titanomagnetite + sphene + apatite. Two textural types can be identified in our group of samples: S23-209, -256, -262, -265 and parts of -268 have clinopyroxene and phlogopite or biotite forming an interlocking framework, which Davies and Lloyd (1986) identified as an original igneous texture. In contrast, phlogopite or biotite in samples S23-255, -267 and parts of -268 appear to be replacing clinopyroxene, suggesting a metasomatic origin (Lloyd 1981 (Lloyd , 1987 Lloyd et al. 1987) . Phase equilibrium experiments indicate that the nodules could represent either cognate cumulates or mantle xenoliths (Lloyd and Bailey 1975; Lloyd 1981; Arima and Edgar 1983; Lloyd et al. 1985) . Chemical and isotopic differences between the host lavas and the nodule suite support a xenolith origin (Davies and Lloyd 1986 ). In addition, the overall style of trace element enrichment recorded by the Katwe-Kikorongo volcanism suggests an origin unrelated to subduction, and is more like that associated with ocean island volcanism (OIB; Davies and Lloyd 1986 ).
Ultrapotassic lamproites of the Leucite Hills, Wyoming
The ultrapotassic rocks of the Leucite Hills, Wyoming, consist of silica-undersaturated madupites and silica-saturated wyomingites and orendites, all of which are phlogopite-bearing lamproites. Phlogopite phenocrysts were separated from a wyomingite lava from North Table Mountain (sample LH- 6: Carmichael 1967) . The Leucite Hills volcanic field is considered Pleistocene on the basis of a single K-Ar date of 1.1 Ma for a phlogopite separate (MacDowell 1966) . The lamproites erupted through Paleozoic-Eocene sediments (Malahoff and Moberly 1968) , although the underlying basement is part of the Archean Wyoming craton. The trace element patterns of the Leucite Hills lavas are depleted in high field strength elements and enriched in the light rare earth and large ion lithophile elements, characteristics of subduction lavas (Kuehner et al. 1981; Vollmer et al. 1984) and unlike those of the KatweKikorongo volcanic field. Moreover, the Nd and Sr isotope data indicate that enrichment of the Leucite Hills mantle source region probably occurred in the Archean (Vollmer et al. 1984) .
Analytical techniques

Mineral separation
Clean phlogopite and biotite separates were obtained using organic heavy liquids and magnetic separation. Grains that contained inclusions, had rims or alteration along cleavage planes, or had any discoloration were then removed by hand-picking. The largest rims present in any of the mica grains prior to separation (based on back-scattered electron imaging) were Ͻ14 mm, representing Ͻ0.01% of the area of a grain in thin section, and any grains with rims were avoided during hand-picking. The largest grain size was used in order to sample phenocrysts preferentially rather than groundmass phlogopite in the lavas. For the lavas from Mexico, individual phlogopite phenocrysts exceeding 1 mm diameter were picked out from the crushed rock and subsequently crushed separately in acetone for hand-picking. Phlogopite and biotite grains in the xenoliths from Uganda are generally between 1-3 mm in diameter (Lloyd 1972) ; mesh sizes Ϫ30 to Ϫ60 or Ϫ60 to Ϫ90 were used for analysis.
Electron microprobe
Quantitative analyses were obtained on polished grain mounts of mineral separates and polished thin sections using the Cameca CAMEBAX electron microprobe at the University of Michigan. The microprobe was configured with four diffracting crystals (TAP, PET, LIF and OV60, the latter being for F and O analyses). A wide range of natural and synthetic standards were chosen in order to match as closely as possible the composition of the phase (Appendix). Standard operating conditions for mica analysis were an accelerating potential of 12 kV, a sample current of 10 nA and a 9 mm 2 rastered beam. A count time of 30 s was used for most elements, with 60 s for F and O. The potential for alkali and halogen loss was evaluated by conducting time-series experiments with the spectrometers centered on the peaks of interest and was determined not to occur within the time of a conventional quantitative analysis. Analytical data were corrected using the on-line Cameca PAP correction program. Analytical errors are given in Table 1 . Standards were continually monitored during routine analysis in order to ensure accurate results. The FeO was measured by wet chemistry whereas total iron (FeO T ) was obtained by the electron microprobe. The wt% concentration of Fe 2 O 3 was calculated as: wt% Fe 2 O 3 ϭ 1.1113*(wt% FeO T -wt% FeO).
Wet chemistry
Colorimetric determination of wt% FeO was performed at the University of California, Berkeley, following the procedure described by Wilson (1960) . Between 3 and 8 mg of sample as used. There was no photochemical reduction of ferric iron during the analyses, although this was evaluated (see Lange and Carmichael 1989 for a discussion). On the basis of repeat analyses of a glassy mid-ocean ridge basalt (JDFD-2), the precision of this method is +0.21 wt% FeO (2s). Replicate measurements of the mica separates were always within this precision.
Water and stable isotope analyses
The H 2 O content and D͞H ratio of phlogopite, biotite and hornblende separates were determined following the technique of Vennemann and O'Neil (1993) . Samples were dried overnight at 100ЊC to remove adsorbed water. Between 30 and 70 mg of separate was loaded into silica-glass tubes along with 100 to 200 mg of coarsegrained quartz and a cap of quartz wool and heated under vacuum at 150ЊC for a minimum of two hours. The samples were then fused under vacuum to liberate all structural H as H 2 O which was then separated cryogenically from any other gases released. Any molecular hydrogen produced during fusion was oxidized by CuO to H 2 O and combined with the other water. All H 2 O was collected in tubes containing Zn and reacted to form ZnO and H 2 gas. In addition to the isotopic analysis of this gas, the amount of water (in mg) was determined by measuring the intensity of mass-2 in a fixed volume (previously calibrated) on a Finnigan-MAT Delta-S mass spectrometer. One sigma precisions of this method are routinely better than +0.1 wt% H 2 O and +1-2‰ dD. At the University of Michigan, the following analyses are obtained for the NBS-30 biotite standard: dD ϭ Ϫ65‰ and wt% H 2 O ϭ 3.5. Oxygen isotope ratios were determined for three phlogopite separates (Mas-3a, -4 and -11). Oxygen was liberated from the minerals by reaction with ClF 3 at 550ЊC (Borthwick and Harmon 1982; Vennemann and Smith 1990 ) and converted to CO 2 for oxygen isotope analysis. All isotopic analyses are reported in the standard d notation relative to SMOW.
Results
Chemical compositions of phlogopite and biotite separates, including FeO, Fe 2 O 3 and H 2 O contents from electron microprobe, wet chemical and mass spectrometric analyses, are given in Table 1 . The nomenclature adopted here is after Deer et al. (1962) : phlogopite has mol% Mg͞Fe T Ͼ2: 1 and biotite has mol% Mg͞Fe T Ͻ2: 1. Analyses of various phenocryst phases coexisting with phlogopite or biotite have been made for several samples: olivine in three minette lavas (Mas-3a, -4, -11); clinopyroxene in a phlogopite-clinopyroxenite (B37-5) and in a minette lava (Mas-141); and hornblende in two andesite lavas (SN-31, SN-161 ). The average compositions of each of these phases are given in Table 1 .
Shown in Table 2 are mica mineral formulae that were obtained by normalizing the data in Table 1 to 24 ϭ OϩOHϩFϩCl (Deer et al. 1962 
Mineral chemistry
There is significant variation in the H 2 O and Fe 2 O 3 contents of the phlogopite and biotite samples both within and between the four sample localities. The Fe 2 O 3 contents range from 0.8 to 10.5 wt%, corresponding to 0.09 to 1.15 Fe 3ϩ pfu. Water contents vary from 1.6 to 3.0 wt%, corresponding to 1.58 to 3.04 OH pfu, significantly less than if an hydroxyl site were fully occupied (4.00 pfu). This deficiency is made up only in part by F and Cl and presumably is taken up by O substituting for OH.
The Fe 3ϩ ͞Fe T ratio obtained for the phlogopite separate from the Leucite Hills (23%) is far lower than that (73%) obtained by Cross (1897) for phlogopite of almost identical bulk composition, but from a different lava flow (Pilot Butte, Leucite Hills). This discrepancy in the Fe 3ϩ ͞Fe T ratio of the two phlogopite separates underscores the difficulty in interpreting some older data. Although the quality of Cross' wet chemical analysis is excellent, the wet chemical technique by which ferrous iron was measured prior to the 1940s was subject to atmospheric oxidation during boiling (Carmichael, personal communication) . Moreover, there is currently no way to evaluate whether or not the mineral separate that Cross analyzed was completely unaffected by alteration.
The presence of low-temperature alteration minerals such as chlorite can significantly modify the mineral chemistry and the D͞H ratios because of their relatively high H 2 O (10-13 wt%) and negligible K 2 O contents, and the large hydrogen isotope fractionation factor between water and chlorite (Marumo et al. 1980; Graham et al. 1987) . No chlorite intergrowths were observed by backscattered electron imaging in any of the samples ( Fig. 1 ) at a resolution of ¥0.2 mm (Goldstein et al. 1981) . Four mica samples were also analyzed by powder X-ray diffractometry: Mas-3a, a low-dD western Mexico phlogopite (see stable isotope section, below), Mas-141, a high-dD western Mexico phlogopite; SN-31 from a Mono Basin andesite, and S23-267 from Uganda. None of the samples had the 7.07-7.21Å peak characteristic of chlorite group minerals within the limits of detection (Ͻ5%). Hence, chlorite does not contribute significantly to the bulk analyses of H 2 O and FeO in our separates.
Biotite normalization schemes
The problems inherent in generating a mineral formula from microprobe data alone for hydrous species that contain both Fe 2ϩ and Fe 3ϩ , such as mica and amphibole, have long been recognized (Bohlen et al. 1980; Holdaway 1980; Dymek 1983; Hewitt and Abrecht 1986; Afifi and Essene 1988; Cosca et al. 1991; Dyar et al. 1991; Schumacher 1991) . Afifi and Essene (1988) showed that cation and anion normalization schemes for biotite both generate formulae that are stoichiometric with good totals (adjusted for water contents) but nonetheless make incorrect estimates of the amounts of Fe 2 O 3 , FeO and H 2 O. Anion normalization schemes for hornblendes made solely on the basis of electron microprobe data cannot replicate the measured Fe 2 O 3 and H 2 O, whereas fixed-cation normalization schemes provide a fair estimate of Fe 2 O 3 but not H 2 O contents (Cosca et al. 1991) . Both types of schemes, however, are able to provide accurate mineral formulae for most other cations. Schumacher (1991) showed how errors in the mineral formula of biotite caused by incomplete chemical analyses propagate in geothermometry and geobarometry calculations.
One common method for obtaining mineral formulae of biotites from microprobe data alone is to normalize the sum of the atomic proportion of oxygen from each oxide to a charge of 44 (often designated as 22 oxygen equivalents), assuming all iron is Fe 2ϩ . By normalizing biotites to a set charge, the number of cations obtained may be less than 16, resulting in apparent vacancies that are assigned to the interlayer (A) and͞or octahedral sites. (Cosca et al. 1991; Schumacher 1991) . A second method for recalculating microprobe analyses is to normalize on the basis of a given number of cations. For trioctahedral micas, a fixed number of octahedral and tetrahedral cations is used (14 ϭ SiϩTiϩAlϩFeϩMnϩMgϩSrϩNi). Any excess negative charge is compensated by replacing Fe 2ϩ with Fe 3ϩ , whereas excess positive charge is compensated by replacing OH with excess oxygen, thus giving a minimum estimate of ferric iron. The amount of H 2 O is calculated by OH ϭ 24Ϫ(OϩFϩCl). The fixed-cation normalization method assumes that the octahedral site is fully occupied, although it does permit vacancies on the interlayer site. The presence of octahedral vacancies causes an overestimation of the mole fraction of each of the tetrahedral and octahedral cations in proportion to the number of vacancies, resulting in an excess positive charge (Dymek 1983) .
To test the validity of these normalization schemes in biotite and phlogopite, calculated mineral formulae may be compared to those obtained by normalizing on the basis of 24 ϭ OϩOHϩFϩCl using the results from wet chemical and mass spectrometric analyses of FeO, Fe 2 O 3 and H 2 O. In this procedure, it is assumed that the hydroyxl site is fully occupied, since vacancies are not stable in a closest packed site. For many cations, including Ti, Mg, Mn, Ca, Ba, Na as well as F and Cl, both the cation and anion normalization schemes provide fairly accurate mineral formulae (Table 2, Fig. 2 ). Both schemes provide less accurate estimates for Si, Al T (total Al) and K. The normalization neglects the possibility of significant anion vacancies as did Foster (1960) and Deer et al. (1962) . The most significant error is the overestimation of the amount of Fe 2ϩ at the expense of Fe 3ϩ , and the overestimation of OH at the expense of O on the hydroxyl site. For all of the samples analyzed here, the fixed-cation normalization procedure results in an excess positive charge that is compensated by the replacement of OH by O in order to charge balance the mineral formulae. This compensation is reflected in the apparent increase in accuracy of OH by the fixed-cation normalization procedure compared to the anionic charge method, whereas the amount of Fe 2ϩ and Fe 3ϩ remain equally inaccurate for both methods. These inaccuracies persist even though the adjusted totals (including calculated water contents) for the anion and cation normalization schemes are acceptable and calculated site occupancies appear to be stoichiometric. Thus, a good or bad total or the appearance of stoichiometry based on recalculated probe data alone is not a sufficient indicator of a good analysis, nor is this method useful for assessing the Fe Fig. 1a , magnified 400x. Reaction rim on phenocrysts is Ͻ2 mm. Scale bar ϭ 100 mm. c BSE image of phlogopite grain mounts for sample S23-268 from the East African Rift, Uganda, magnified 120x. Some grains contain small Fe-Ti oxide inclusions that were separated out during hand-picking and were not included in the separates used for FeO or water analyses
Electron microprobe determination of oxygen
The introduction of layered synthetic dispersion element (LSDE) crystals, such as the pseudo-crystal OV60, have increased the analytical capacity of the electron microprobe to include light elements such as oxygen (Armstrong 1988; Bastin and Heijligers 1989) . In minerals like biotite and hornblende that contain both water and an element in two oxidation states, there is no unique way to determine both H 2 O contents and Fe 3ϩ ͞Fe 2ϩ ratios even with direct measurement of oxygen. If, however, either H 2 O or FeO has been measured directly, then a value for oxygen can be used to infer the concentration of the other. Several factors complicate the determination of oxygen on the microprobe, including variations in peak shape, absorption of oxygen by the carbon coating, contamination by surface water, large mass absorption coefficients and atomic number corrections (Armstrong 1988; Bastin and Heijligers 1989; Goldstein et al. 1991) .
Oxygen contents were obtained in this study as part of electron microprobe analyses, using a hornblende megacryst from Kakanui, New Zealand (18.29 Si, 7.89 Al, 8.49 Fe, 7.72 Mg, 7 .36 Ca, 1.93 Na, 1.70 K, 2.62 Ti, 42.91 O wt%) as the standard. Wavelength scans for this standard and fluorophlogopite, with the c-axis oriented parallel and perpendicular to the electron beam, indicate that peak shape and position for oxygen is nearly identical for all 2 . In Fig. 3 , oxygen contents as determined on the electron microprobe and corrected using the Cameca PAP program are compared to oxygen contents obtained calculated oxygen contents and encompassed by the symbols in Fig. 3 . Measured oxygen contents are low by ¥1.5% absolute. This discrepancy might be caused by variations in the thickness of the carbon coating between sample and standard (Goldstein et al. 1991) .
Stable isotope analyses
The dD values of biotite and phlogopite analyzed in this study (Table 1 ; Fig. 4a ) encompass a large range (Ϫ137 to Ϫ43‰). For comparison, the range in dD values of micas from other mafic magmatic rocks, including kimberlites, carbonatites and xenoliths in alkali basalts, fall between Ϫ95 and Ϫ25‰ (Sheppard and Epstein 1970; Kuroda et al. 1975 Kuroda et al. , 1977 Sheppard and Dawson 1975; Boettcher and O'Neil 1980; Kyser and O'Neil 1984; Poreda 1985; Dobson and O'Neil 1987; Kyser and Stern 1988; Guy et al. 1992) . Unaltered mid-ocean ridge basaltic glasses have dD values between Ϫ85 and Ϫ75‰, whereas back-arc basaltic glasses and primary cumulate hornblende from subduction-related lavas have dD values between Ϫ45 and Ϫ28 ‰ (Craig and Lupton 1976; Satake and Matsuda 1979; Kyser and O'Neil 1984; Guy et al. 1992) . The phlogopite phenocrysts from western Mexico have the widest range in D͞H ratio ever measured for minerals from arc lavas. Two aliquots of sample Mas3a had different dD values as well as water contents (2.14 wt% H 2 O, Ϫ137‰; 2.38 wt% H 2 O, Ϫ103‰), indicating significant isotopic heterogeneity in this sample. Sample Mas-3a erupted alongside sample Mas-11 but over 400 thousand years later; the two lavas have almost identical major element whole rock and phlogopite compositions (including ferric-ferrous ratios and water contents) but remarkably different dD values of Ϫ137 and Ϫ56‰, respectively. Phlogopite phenocrysts from two other western Mexico lava flows had dD values of Ϫ129 and Ϫ43‰. Three minette lavas (Mas 3a, 4 and 11) with phlogopite phenocryst dD values of Ϫ137, Ϫ129 and Ϫ56‰, respectively, have d T for the micas analyzed in this study; symbols as in a Biotite and hornblende phenocrysts from a single andesite sample from the Mono Basin area (SN-31) had identical dD values of Ϫ53‰; hornblende phenocrysts from a second andesite sample (SN-161) had a dD value of Ϫ65‰. (There is no dD value for SN-161 biotite because of an experimental failure.) The dD values of biotite and phlogopite from the Ugandan clinopyroxenites range from Ϫ70 to Ϫ49‰. Two aliquots of the phlogopite separate S23-209 had somewhat different dD values (Ϫ50 versus Ϫ60 ‰) with identical H 2 O contents. This difference is well outside the analytical error (1-2‰) and such differences were not observed for standards analyzed at the same time. This observation suggests that some of the samples are isotopically heterogeneous.
There is no systematic difference in dD values between the two textural types identified in the Uganda xenoliths, one believed to be igneous and the other metasomatic in origin.
Discussion
Effect of magmatic degassing and post-eruptive oxidation on mineral chemistry Before analyses of biotite phenocrysts can be used to infer pre-eruptive magmatic conditions, it must first be established that these analyses represent pristine minerals that have not been affected by a variety of alteration processes. For example, if magma is transported from deep crustal levels to a shallow reservoir where the pressure is sufficiently low that the magma becomes vaporsaturated, extensive degassing can occur prior to eruption. Hydrous phenocrysts, such as mica and hornblende, may partially dehydrate in response to a drop in water fugacity. Numerous disequilibrium experiments at 1 bar on biotite powders and flakes indicate that at high temperatures, dehydration can occur by dehydroxylation:
(e.g., Vedder and Wilkins 1969; Sanz et al. 1983; Tikhomirova et al. 1989 ). This reaction generates a vacancy in the hydroxyl site, unstable in a closest packed site, and therefore leads to the breakdown of biotite and the development of reaction rims. Experiments by Rutherford and Hill (1993) on a dacite magma indicate that at least four days are required for the development of reaction rims on hornblende phenocrysts after a drop in water fugacity has occurred. The effect of Reaction 1 on reducing the measured hydroxyl concentration of the mica and hornblende phenocrysts relative to their pristine, magmatic values was minimized by hand-picking grains that were completely free of alteration rims. In addition to Reaction 1, another dehydration mechanism can occur that affects the ferric-ferrous ratio in the mica. It is the oxidation͞dehydrogenation reaction:
(e.g., Sanz et al. 1983; Guttler et al. 1989; Rancourt et al. 1993) . Unlike the case for Reaction 1, Reaction 2 is reversible and need not create opaque reaction rims on the mica and hornblende phenocrysts. Numerous experimental studies demonstrate that complete iron oxidation and dehydrogenation occurs in biotites when heated in air to 300-800ЊC (Hogg and Meads 1975; Ferrow 1987; Chandra and Lokanathan 1982, Sanz et al. 1983) . However, in an inert atmosphere and in vacuum, complete oxidation is not achieved up to 800-1000ЊC (Rimsaite 1970; Chandra and Lokanathan 1982) and, in a reducing atmosphere, there is no oxidation of iron up to 1600ЊC (Chandra and Lokanathan 1982) . The experimental evidence suggests that Reaction 2 will only proceed in hydrous phenocrysts if the host magma becomes oxidized, or if there is a drop in the fugacity of H 2 . A commonly invoked mechanism for the oxidation of magmatic liquids is the preferential loss of the H 2 or CO component through degassing (Sato 1978; Mathez 1984) . Since both of these components have extremely low solubilities in magmatic liquids at oxygen fugacities ՆQFM (Dixon et al. 1991; Thibault and Holloway 1994) , they are formed in the gas bubble only after the H 2 O or CO 2 component has diffused from the melt to the gas, in which case no net oxidation of the melt has occurred. This argument is supported by a detailed study of gases collected from the Puu Oo eruption at Kilauea Volcano, Hawaii. Gerlach (1993) showed that all gases collected over a temperature interval of 1185 to 935ЊC had oxygen fugacities with a constant DNNO value of Ϫ0.51 + 0.04. This value is consistent with that calculated for Kilauean lavas based on Fe-Ti oxides and bulk ferric-ferrous ratios in the glassy lavas (Gerlach 1993) . The evidence from Hawaii demonstrates that equilibrium degassing does not lead to oxidation or reduction of the residual magma.
Because Reaction 2 can only occur when there is a drop in the hydrogen fugacity of the system, the best opportunity for this to occur is during eruption into air. However, the Fe 3ϩ ͞Fe T ratios (80, 87 and 78%) in Mascota phlogopite phenocrysts found in slowly cooled lavas (Mas-3, -11, -141, respectively) are not significantly higher than the Fe 3ϩ ͞Fe T ratio (77%) found in phlogopite from a rapidly quenched scoria (Mas-4). Moreover, if Reaction 2 was an important process during eruption of the minette magmas into air, then all mica-bearing lavas should have mica phenocrysts that record similarly high Fe 3ϩ ͞Fe T ratios as those from western Mexico, which is clearly not the case. Lavas from eastern California and Wyoming that were examined in this study had micas with significantly lower Fe 3ϩ ͞Fe T ratios than those from western Mexico despite similar eruption histories. Therefore, the field evidence argues strongly against the importance of Reaction 2 during eruption into air. This is consistent with the lack of any correlation between Fe 3ϩ (pfu) and OH (pfu) for the micas analyzed in this study (Fig. 4b) .
Variation in Fe 3ϩ
͞Fe T with tectonic setting
The Fe 3ϩ ͞Fe T ratios and hydroxyl contents of the phlogopite and biotite samples in this study provide a qualitative measure of pre-eruptive f O 2 and f H 2 O in the magma. Although such an analysis is not quantitative without access to an activity-composition model for mica solid solutions, broad differences between tectonic settings may be assessed. The ratio of ferric iron to total iron for the separates analyzed in this study ranges from 23 to 87%, with phlogopite and biotite from different tectonic associations having characteristic Fe 3ϩ ͞Fe T ratios (Fig 4c) T ratios of 77-87%, consistent with the high magmatic oxygen fugacities inferred for these lavas (3-5 log units above the Ni-NiO buffer; Lange and Carmichael 1991; Carmichael et al. 1996) . Detailed petrologic and geochemical studies of the western Mexican arc lavas indicate that they have a geochemical signature characteristic of a subduction environment (Luhr et al. 1989; Lange and Carmichael 1991) . Biotite phenocrysts from the Mono Basin andesite lavas, whose chemistry also is characteristic of a subduction environment (Lange et al. 1993 ) also have high Fe 3ϩ ͞Fe T of 56-66%. The oxygen fugacities of these lavas are between 1-2 log units above Ni-NiO .
In . Thus, it is likely that the host magmas that crystallized the Mascota phlogopites had higher MgO and Fe 2 O 3 concentrations relative to the Uganda magmas, which in turn were enriched in FeO and TiO 2 . These differences are consistent with the fact that OIB-related magmas have long been recognized to contain higher FeO T and TiO 2 relative to arc-related magmas (Fitton et al. 1991) . Moreover, the higher Fe 2 O 3 contents in the Mascota magmas suggest that they were characterized by higher oxygen fugacities.
Variation in X OH with tectonic setting Just as the Fe 3ϩ ͞Fe T ratios of the phlogopite and biotite phenocrysts should be related to the f O 2 of their respective host liquids, the hydroxyl contents of the biotite phenocrysts should also be correlated with the a H 2 O in the magma. For the samples analyzed in this study, the deficiency in the hydroxyl site caused by the less than ideal quantities of water (4-OH) is only in part made up by F and Cl, with the remainder assumed to be filled by oxygen. Although the concentration OH, F and Cl in the hydroxyl are directly related to the fugacities of these respective components in the host melt, this is not the case for oxygen. The amount of oxygen in the hydroxyl site need not be related to oxygen fugacity (the measure of f O 2 is in the ferric-ferrous ratio and not the number of oxygens in a melt), and instead correlates inversely with the amount of water, fluorine and chlorine occupying this site.
The hydroxyl contents of the mica samples analyzed in this study (Fig. 4b) show no variations between different tectonic settings. Nor is there any correlation between the OH contents and the Fe 3ϩ ͞Fe T ratios in the micas (Fig. 4c) , which confirms that magmatic f O 2 and f H 2 O are independent variables. In other words, hydrous magmas need not be oxidized. Moreover, it suggests that alkaline magmatism with an OIB-like trace element signature can be just as hydrous as subduction-related magmatism. The distinguishing feature appears not to be water activity but rather oxygen fugacity.
Element partitioning between mica and coexisting phases
Measurements of element partitioning between silicate liquids and crystallizing phases, and between two coexisting phenocrysts, provide an important tool in igneous petrology. Equilibrium partitioning of elements between phases is used to model the chemical evolution of magmas under a variety of melting and crystallization processes, and is also important to thermometry and oxybarometry calculations. Currently, there are no experimental constraints on the Mg-Fe 2ϩ exchange reaction between phlogopite (or biotite) and coexisting phases such as olivine, clinopyroxene and hornblende. For example, consider the following exchange reaction: 
The ideal contribution to the equilibrium constant is:
On the basis of complete analyses of biotite, hornblende and clinopyroxene (including direct measurements of FeO and FeO T ; (+ 2s errors) of 0.12 + 0.12, 0.26 + 0.14 and 0.09 + 0.12 were obtained for samples respectively, indicating for coexisting biotite and hornblende from a variety of plutonic rocks is 0.9-1.4 and appears to be correlated with the concentration of tetrahedral Al in the hornblende (Speer 1984 There has been considerable debate as to whether the large variations found in the D͞H ratio of mantle-derived magmas and xenoliths are inherited from the mantle itself (e.g., Sheppard and Epstein 1970) , or if secondary exchange processes have altered the primary mantle isotopic signatures (Kyser and O'Neil 1984) . The biotiteand phlogopite-clinopyroxenite xenoliths from the East African Rift have dD values from Ϫ70 to Ϫ49‰, which overlap those believed to represent "primary" mantle dD (Craig and Lupton 1976; Satake and Matsuda 1979; Guy et al. 1992) . Boettcher and O'Neil (1980) recommend dD ϭ Ϫ80 to Ϫ60‰ for pristine mantle. Minor amounts of volatilization may account for some of this variation. In addition, small-scale hydrogen isotope heterogeneity also may be indicated for the East African Rift mantle. The presence of Pb isotope heterogeneity in the East African Rift mantle (Ͻ1 m) was also inferred from analyses of biotite and phlogopite separates from the same samples employed in this study (Davies and Lloyd 1986) .
The dD values of phlogopite phenocrysts from the western Mexico minettes vary by almost a 100‰ for flows and cones within 20 km of each other, erupting over a 475 ky interval. Of all the dD values published for mantle minerals (Sheppard and Epstein 1970; Kuroda et al. 1975 Kuroda et al. , 1977 Sheppard and Dawson 1975; Boettcher and O'Neil 1980; Kyser and Stern 1988; Deloule et al. 1991) , none have been as low as those of some of the phlogopite phenocrysts from western Mexico. The effect of crystal fractionation plays only a negligible role in producing variations in the D͞H ratio of minerals at the crystallization temperatures of these minettes (¥1100-1200ЊC), probably less than 10‰ (Suzuoki and Epstein 1976; Kyser and Stern 1988) . Likewise, differing degrees of partial melting will not contribute to the variation in D͞H ratio between different melts of an isotopically homogeneous source region, and therefore between phlogopite phenocrysts crystallizing from these melts.
If the large variation in dD for phlogopite phenocrysts from the minette lavas were caused by magmatic degassing (Nabelek et al. 1983; Taylor et al. 1983; Kyser and O'Neil 1984; Newman et al. 1988) , volatilization of hydrogen (as H 2 ) accompanied by dehydroxylation (Eq. 1) would require almost 100 per cent loss of magmatic water, which is unrealistic given the stability of the hydrous phenocrysts. Magmatic degassing of H 2 O is equally unlikely; the isotopic heterogeneity found in the phlogopite separate splits from Mas-3a (dD ϭ Ϫ137‰ and Ϫ103‰) also requires almost 100 per cent loss of magmatic water, yet the phlogopite phenocrysts in this sample are free of reaction rims (Fig. 1a, b) .
A possible explanation for the large variation in dD values is isotopic heterogeneity in the sub-arc mantle of western Mexico. Although subduction-related lavas generally have relatively high dD values (Poreda 1985; Dobson and O'Neil 1987;  Fig. 4a ), altered oceanic crust with dD values as low as Ϫ145‰ has been observed in drill cores down to 800 m depth (Hoernes and Friedrichsen 1979a, b; Friedrichsen and Hoernes 1980; Marumo et al. 1980; Friedrichsen 1984; Sakai et al. 1990 ). Subduction of this material and release of water with variable D͞H ratios into the mantle wedge could result in a mantle source region for arc magmas that is heterogeneous with respect to deuterium. However, the d
18
O values for the Mascota phlogopites are consistent with normal mantle values and strongly argue against isotopic heterogeneity in the mantle as an explanation for the anomalous and variable phlogopite dD values.
The most likely scenario is that the Mascota phlogopite phenocrysts attained their light hydrogen isotope composition through exchange with meteoric water, sufficient to alter their dD but not their d
O values, analogous to exchange between a cooling pluton and water in meteoric-hydrothermal systems (Taylor 1977; Criss and Taylor 1986) . For example, Mas-3a and -11 (two lava flows that erupted side by side, but 400 ky apart) have phlogopite phenocrysts with distinctly different dD values and yet have similar d
18 O values as well as almost identical whole rock compositions, phenocryst assemblages and phenocryst compositions (including the ferric-ferrous ratio and hydroxyl content). These two lavas are remarkable for their similar compositions in every aspect except their D͞H ratio and their age. It may be important that the sample with the more "normal" dD value (Mas-11) erupted first, whereas the sample with the anomalously low dD value (Mas-3a) erupted 400 thousand years later.
One probable scenario is that during cooling and crystallization of the magma body that supplied the Mas-11 eruption, exchange with meteoric water occurred to an extent sufficient to offset the D͞H ratio but insufficient to affect the d
O values. This scenario is plausible because even hydrous magmas contain far more oxygen than hydrogen, and therefore are more sensitive to changes in their hydrogen vs oxygen isotope ratios. After exchange of meteoric water sufficient to alter the D͞H ratio, the magma must have been reheated to a temperature similar to that at the time of the eruption of Mas-11, probably because of the intrusion of another magma body close by. Eruption of the reheated magma would give rise to a lava of nearly identical bulk composition to Mas-11. The most remarkable feature, however, is that the phlogopite phenocrysts in both Mas-3a and Mas-11 have such similar hydroxyl contents and ferric-ferrous ratios, strongly suggesting that the exchange of meteoric water did not also change the oxygen fugacity or water fugacity of the host magma.
Interaction with meteoric water sufficient to alter the stable isotope composition of a magma and its phenocrysts, without also changing the major element composition or oxygen fugacity of the system is not unprecedented; an example is the rhyolite magmas of the Yellowstone volcanic field. Hildreth et al. (1984) suggested that profound modification of d
O values from ϩ7.2, ϩ5.8 and ϩ6.3‰ (representing the three major ashflow eruptions) down to 1‰ (for the earliest of the postcaldera rhyolites) occurred by exchange with meteoric water. However, as pointed out by Carmichael (1991) , the maximum variation in f O 2 (determined by two Fe-Ti oxides) between rhyolites of drastically different oxygen isotope values is within 0.5 log units. Thus it appears that exchange with meteoric water sufficient to alter d
O values need not substantially affect magmatic f O 2 . A similar process may be occurring with the Mexican minette magmas, where the anomalously low dD values reflect exchange of meteoric water but leads to no corresponding changes in the magmatic intensive variables as reflected in the phlogopite phenocryst hydroxyl content, ferric-ferrous ratio or host magma major element composition. 
